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ABSTRACT 
This paper present an optimal torque investigation of outer-rotor hybrid excitation flux switching machine (OR-HEFSM) 
for in-wheel drive electric vehicle (EV). Previously, most of the successful electric machines for electric drive in 
EV/HEV is interior permanent magnet synchronous motor (IPMSM) due to their ability to deliver high torque and power 
densities for great starting and climbing conditions. Nevertheless, the IPMSM has some demerit owing to high volume of 
permanent magnet (PM) used and unrobustness rotor. As an alternative candidates, flux switching machine (FSM) having 
robust rotor structure and higher torque capability has been proposed for EV/HEV drive and many research has been 
reported over the last decade. However, most of them are mainly focused on inner-rotor configuration. Therefore, in this 
paper the proposed OR-HEFSM is investigated to have maximum performances similar to IPMSM conventionally 
employed in existing HEV. Several defined parameters of OR-HEFSM are treated using determistic optmization method 
to attempt maximum torque performance. After several cycles of optimization investigation, the proposed machine has 
achieved the target maximum average torque and power of 335.08Nm and 160.2kW, respectively.  
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INTRODUCTION 
Electric vehicles (EVs) and hybrid electric vehicles 
(HEVs) have attracted increasing attentions in reducing 
emissions and improving fuel economy, (Chan, 2007). The 
motors for drive system are expected to have high 
reliability, large torque and power densities, and enough 
overload capabilities. Flux-switching machines (FSMs) is 
an alternative candidates that have attracted considerable 
interests for high performance drive applications due to the 
high torque and power densities (Yan et al., 2013, 
Sulaiman, Kosaka, and Matsui, 2011, Xu et al., 2009). In 
addition, since all active components are accommodated on 
the stator body making the FSMs have simple and robust 
rotor structure and appropriates for high-speed applications 
(Ahmad, 2013). 
Nevertheless, to date most of published report of 
FSMs on design and improvement  are only focused on 
inner-rotor configuration (Pollock and Brackley, 2003), (Xu 
et al., 2010), (Chen and Zhu, 2010), (Wang and Deng, 
2012), (Tang et al., 2012), (E. Sulaiman, T. Kosaka, and N 
Matsui, 2010, 2014). Lately, several report have discussed 
on outer-rotor FSM configuration which employed only PM 
or field wound (FW) as a main flux source. The proposed 
motors specially designed to be applied for in-wheel light 
EV and aerospace application (Fei et al., 2012), (Galea, 
Gerada, and Hamiti, 2012). Some drawback has been 
identified on both motors which is uncontrollable flux and 
segmented rotor for PMFSM and FWFSM, respectively. 
This may contributes to difficulty control in flux weakening 
region and less robust of rotor structure, correspondingly. 
Thus, this paper proposed a new structure of outer-rotor 
FSM with hybrid excitation coil having single stacked stator 
iron core and salient rotor. Hence, the additional field 
excitation (FE) coil has provided flux control capability that 
beneficial in flux weakening operation, while the salient 
rotor structure has contributed on robustness. The machine 
inherits combination advantages of permanent magnet 
synchronous motor (PMSM) and switched-reluctance motor 
(SRM) (A. Shakila Banu and Wahidabanu RSD, 2014). The 
study has focused on optimal torque investigation to meet 
the target torque and power performances for in-wheel drive 
EV application. The design specifications are based on the 
successfully developed interior permanent magnet 
synchronous machine (IPMSM) installed in Lexus Toyota 
RX400h. The original structure of the proposed machine is 
illustrated in Figure 1. The proposed machine has 12 PMs 
and 12 FE coils which spread uniformly in the middle of 
each armature coil. The three-phase armature coils are put 
in the 12 slots on each quarter of stator body periodically. 
   
 
 
 
 
 
 
Figure 1:  Cross sectional view of original 12S-14P 
outer-rotor HEFSM 
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DESIGN SPECIFICATIONS 
The design specifications of the machine is 
summarized in Table 1. The spacifications have been 
choosen based on the successful IPMSM employed in 
existing HEV. All dimensions of the proposed machine are 
kept similar as  IPMSM but the PM weight is reduced into 
1.0kg. The target maximum average torque and power is 
also expected can achieve at least 333Nm and 123kW, 
respectively. Furthermore, with the inverter rating of 
650V/350Arms, both armature current and DC FEC current 
densities are set at 30 Arms/mm
2
 and 30 A/mm
2
, 
respectively. By expecting the total weight of the machine 
is less than 35kg, therefore the proposed machine will have 
maximum torque and power densities greater than 
9.51Nm/kg and 3.51kW/kg, respectively. The current 
density of armature coil and DC FEC can be examined by 
equation (1) and equation (2), respectively. 
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where, Ia is the rms current of armature coil and Na is the 
armature coil turns, while αa and Sa is the filling factor and 
armature coil slot area, respectively. On the other hand, 
superscript ‘e’ in equation (2) is indicates to FEC 
components. Whislt, the number of turns of armature coil 
and FEC is calculated by equation (3) and (4). 
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where, , R is the coil resistance (Ω), S is the coil slot area 
(mm
2
), and L is the average coil length (mm). Hence, the 
designed parameters of Na, Ne, Ja and Je, of the original 
design machine are listed in Table 2. 
 
DESIGN PARAMETERS OPTIMIZATION 
Based on the calculated torque and power of initial 
design  machine, the performances are still far from the 
target which only can achieved 243.52Nm and 83.03kW, 
respectively, which still far from the target performances. In 
order to meet the target performances, some design 
improvement and optimization has been conducted using 
deterministic optimization method. The parameters related 
to rotor and stator are depicted in Figure 2, which are inner 
rotor radius (L1), rotor pole depth (L2), rotor pole width 
(L3), PM depth (L4) and PM width (L5). Besides, the 
parameters associated with the winding slot are FEC slot 
depth (L6), FEC slot width (L7), armature slot depth (L8) and 
armature slot width (L9). Finally, the gap between the upper 
edge of stator tooth and PM is marked by (L10) and air gap 
length is set at 0.8mm for the whole optimization process. 
Firstly, the most dominant parameter of L1 is 
varying to attempt the optimal torque while keeping the 
other parameters constant. The torque at various point of L1 
is plotted in Figure 3 and maximum torque has been 
obtained when L1 is set at 113.4mm. By keeping this 
parameter, then the parameters of L2 and L3 are changed and 
the results obtained are shown in Figure 4. The graph shows 
that the optimal torque has been examined when L2 and L3 is 
set at 9.3 mm and 7.43 mm, respectively. 
Table 2: Original machine's parameter specifications 
Armature Excitation 
αa 0.6 αe 0.6 
Ra 1 Ω Re 1 Ω 
Sa 147.08 mm
2
 Se 197.51mm
2
 
ρ 1.673E-08 Ωm ρ 1.673E-08 Ωm 
Na 7turns Ne 44turns 
Ja 30A/mm
2
 Je 30A/mm
2
 
 
 
 
 
 
 
 
 
Figure 2: Defined parameters for optimization 
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Table 1: The outer-rotor design constraints 
Descriptions IPMSM 
Outer-rotor 
HEFSM 
Max. DC-bus voltage inverter (V) 650 650 
Max. inverter current (Arms) 360 360 
Max. Ja (Arms/mm
2) Conf. 30 
Max. Je (A/mm
2) NA 30 
Motor radius (mm) 132 132 
Motor stack length (mm) 70 70 
Shaft/Inner motor radius (mm) 30 30 
Air gap length (mm) 0.8 0.8 
PM weight (kg) 1.1 1.0 
Total weight (kg) 35 <30 
Maximum torque (Nm) 333 >333 
Maximum power (kW) 123 >123 
 
 
Figure 3: Torque at various inner rotor radius, L1 
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Secondly, the parameters related to PM which is L4 
and L5 are adjusted by considering the PM is the main flux 
source. Throughout the optimization of PM’s parameters, 
the PM area is remained constant to has 1.0kg PM weight. 
Figure 5 demonstrates the change of torque and power when 
parameter L4 and L5 is adjusted. The analysis is done at five 
points which marked by No. 1(L4=33 mm), No. 2 
(L4=32mm), No. 3 (L4=31mm), No.4 (L4=30mm), and No. 
5 (L4= 29mm). The maximum torque was obtained when  
L5 is set at 32mm and 2.47mm, respectively. On the other 
hand, the maximum power is obtained when L4 is set at 29 
mm and L5 is set at 2.72 mm. Since, the torque performance 
is still far from the target, therefore point No. 2 is selected 
as the optimal point and proceed to further improve for the 
next parameter. 
Furthermore, with the parameter of L4 and L5 that 
bring optimal torque, parameter L6 and L7 of FEC slot is 
then adjusted and kept the other parameters constant. 
Torque and power at various depth and width of FEC slot 
are plotted in Figure 6. Based on the demonstrated graph, 
the best combination torque and power is when L6 and L7 is 
set at 19.88 mm and 8.25 mm, respectively. 
The armature coil slot parameters of L8 and L9 are 
also adjusted to find the optimal torque. Similar as previous 
steps, the other parameters are kept constant when treating a 
particular parameter. The armature coil slot area is remained 
constant and analysis is completed at five point of armature 
coil slot width, L9 labelled by No. 1 (8.36mm), No. 2 
(7.82mm), No. 3 (7.34mm), No. 4 (6.92mm), and No. 5 
(6.54mm) as depicted in Figure 7. From the graph, the 
optimal torque has been obtained at point No. 3 then 
selected as the best parameters to be used. The effect on the 
armature winding turns are also investigated. The torque 
versus number of turn of armature coil is shown in Figure 8. 
Based on the graph, 6 turns of armature winding is the best 
which can deliver optimal torque performance.  Finally, to 
ensure the machine can deliver better performances, both 
FEC and armature coil slots are into trapezoidal shape to 
 
 
Figure 4:  Torque versus rotor pole depth, L2 at various 
rotor pole width, L3 
 
 
Figure 5: Torque and power versus PM width, L5 at 
various PM depth, L4 
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(a) Torque and power versus FEC slot depth, L6 
 
 
(b) Torque and power versus FEC slot width, L7 
 
Figure 6: Torque and power at various L6 and L7 of FEC 
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Figure 7: Torque and power at various armature coil slot 
depth, L8 
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allow maximum flux flow through their path easily. Then, 
some of FEC and armature coil slot edge is redesigned to 
have curve shape in order to provide optimal performances. 
Each of parameter is treated repeatedly until the target 
torque and power are achieved. Through numerous 
optimization cycle, the target torque and power of 333Nm 
and 123kW are realized as demonstrated in Figure 9. The 
final design machine shown in Figure 10 has better 
performances compared to the IPMSM. 
 
RESULTS AND DISCUSSION 
 
No-Load Analysis 
 Several analysis at no load analysis have been 
conducted to monitor and compare the machine’s 
performances. Initially, back-emf of original and final 
design machine at speed of 3000r/min is evaluated and 
plotted in Figure 11.  The amplitude of back-emf of final 
design machine is lower than the initial design machine with 
the different of approximately 17Nm. In addition, the 
amplitude of cogging torque of final design machine has 
reduced dramatically from approximately 4.1Nm (peak) to 
0.2Nm (peak) of final desig  n as shown in Figure 12.  
  
Torque versus Current Densities 
 In load analysis, both armature coil and FEC 
current densities is varied from 0 A/mm
2
 to 30A/mm
2
. 
Figure 13 illustrates the torque performance at various 
current densities. Based on d-q coordinate transformation, 
and assuming the d-axis current controlled to zero while 
voltage drop at armature resistance is negligible when 
compared to the back-emf, the torque is calculated as in (5). 
 
 
Figure 8: Torque and power at various Na. 
 
 
Figure 9: Several cycles of optimization process 
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Figure 10: Optimized design structure  
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Figure 11: Back-emf 
 
 
Figure 12: Cogging torque 
 
 
Figure 13: Torque versus FEC current density at 
various armature current density 
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where Pn is the number of pole-pair, ϕm is the PM flux 
linkage, and ϕe is the flux linkage produced by mmf of 
excitation coil. According to Figure 15, an increase in 
armature current density will increase the torque and the 
maximum torque has been obtained when Ja and Je are set at 
maximum of 30A/mm
2
. 
 
Torque and Power Characteristics 
 The torque and power characteristics is plotted in 
Figure 14. The final design machine has wide constant 
maximum torque of 335.08Nm with the base speed of 
4,149r/min, while the maximum power of 160.2kW has 
been achieved. With the calculated weight of 27.03kg 
which includes copper and PM weight, the final design 
machine has reached maximum torque and power densities 
of 12.4Nm/kg and 5.9kW/kg, respectively. 
 
Mechanical Stress Analysis 
 The centrifugal force analysis is also has been 
conducted based on 2D FEA to analyse the rotor 
mechanical strength performance. The analysis is done at 
maximum speed of 12,400r/min and it is obvious that the 
maximum principle stress is only 377.29Mpa as shown in 
Figure 15 and still less than the maximum allowable 
mechanical strees of the material used which is 481Mpa. 
Therefore, the mechanical strength of the electromagnetic 
steel 35H210 used in this analysis is within the acceptable 
range. 
  
Machine Loss and Efficiency 
Based on FEA, the proposed machine losses and 
efficiency are examined. Copper loss on each winding and 
iron loss on the stator and rotor core is also took into 
consideration. The machine losses and efficiency at several 
motor operating conditions are calculated and the results are 
illustrated in Figure 16 and Figure 17, respectively. The 
operating point at base speed, maximum speed and frequent 
driving conditions lablled by No. 1 to No. 8 in Figure 14 are 
evaluated. It is obvious that, from Figure 16 the highest 
output power is generated at point No. 2 with has been 
reached approximately 159.32kW. However, iron loss at 
this point is the highest with the amount of 44.5kW. This is 
expected the machine with outer-rotor configuration has led 
to higher iron loss of rotor compared with inner rotor 
configuration. 
Furthermore, the calculated efficiency of the 
machine has shows that the highest efficiency has been 
obtained at low speed of normal driving condition labelled 
by point No. 3 and No. 6, which almost reached 95%. At 
high speed conditions such as at point No. 2, No. 5, and No. 
8, the efficiency have much degradated which mostly are 
not more than 85%. Nonetheless, the average efficiency at 
normal driving conditions is approximately 88%, which can 
be considered within the acceptable range for in-wheel 
drive application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 
 
Figure 15: Principle stress distributionsns 
 
 
Figure 16: Output power and power lossgure 18: Output 
 
 
Figure 17: Power losses and motor efficiencyfficiency 
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Figure 14: Torque and power characteristics 
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 This paper has presented an investigation of 
optimal torque 12S-14P outer-rotor hybrid excitation flux 
switching machine for direct-drive EV. The optimization 
process to treat optimal torque has been discussed in detail. 
The final design machine has successfully achieved the 
target performances and much better than the IPMSM 
conventionally employed in existing HEV. The average 
efficiency at normal operating condition of the final design 
machine is approximately 88% and acceptable for direct 
drive application. 
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